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ABSTRACT

This work reports on the structure and properties of novel nanocomposites composed of exfoliated
montmorillonite clay blended with levan, a polysaccharide produced by Bacillus sp. Dry levan is very
brittle, making it difficult to obtain stand-alone films. MMT-levan composites were prepared by solution
blending in water, coating on plastic surfaces, partial drying at 50 °C, and conditioning in air at 50-60%
relative humidity. This process results in freestanding, transparent, and flexible films of pure levan and
MMT-levan composites plasticized by 10-15 wt% water. XRD patterns from levan-MMT composites indi-
cate an MMT interlayer spacing 0.62 nm greater than that of the starting MMT, suggesting re-stacking
of MMT platelets coated by adsorbed, uncoiled levan molecules. FTIR results suggest that levan adheres
to MMT via water-mediated hydrogen bonding between the levan’s hydroxyl groups and MMT surface
oxygens. MMT-levan composites have improved thermal stability and a well-defined glass transition
temperature that increases with MMT loading. The tensile moduli of levan-MMT composites increase
by as much as 480% relative to pure levan. The XRD and mechanical property results suggest that MMT
reinforces levan through a filler network structure composed of MMT platelets bridged by adsorbed
levan molecules, enhanced when the MMT loading becomes high enough (5-10 wt% MMT) to induce an
isotropic-nematic transition in MMT platelet orientation.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Polysaccharides offer considerable promise as sustainable,
biodegradable materials for packaging and other applications
(Johansson et al., 2012; Majeed et al,, 2013; Tang, Kumar, Alavi,
& Sandeep, 2012). Polysaccharides extracted from plants, such as
cellulose, hemicellulose, starch, pectin, and chitin, have received
much attention (Chivrac, Pollet, & Averous, 2009; Rhim & Ng,
2007; Sinha Ray & Bousmina, 2005; Sorrentino, Gorrasi, & Vittoria,
2007; Yu, Dean, & Li, 2006), perhaps because their source mate-
rials are widely available in mass quantities and at low cost.
Exopolysaccharides secreted by microbes often have well-defined
structure and high molecular weight (French, 1989), but they
have received less attention because they have not been readily
available in large quantities and high purity. Advances in micro-
bial fermentation have resulted in increasing availability of high
purity, well characterized biopolymers, especially polyhydrox-
yalkanoates (Johansson et al., 2012; Sinha Ray & Bousmina, 2005;
Sorrentino et al., 2007; Tang et al., 2012; Yu et al., 2006). Among
the exopolysaccharides, levan has been produced by large-scale
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fermentation (Bodie, Schwartz, & Catena, 1985; Han & Watson,
1992; Keith et al., 1991; Kim et al., 2005; Kiic¢iilasik et al., 2011;
Liu et al., 2010; Poli et al., 2009; van Dyk, Kee, Frost, & Pletschke,
2012).

Levan and inulin are fructans, fructose-based polysaccharides
produced by many plants and microorganisms (French, 1989).
Levan consists of b-fructofuranosyl monomers joined by (3(2 — 6)
linkages and branched via (2 — 1) linkages (Supporting infor-
mation, Fig. S1). Plant fructans have relatively low degrees of
polymerization (<100 fructofuranose monomers, or residues) with
molecular weights on the order of 10%Da. Microbial levans, on
the other hand, typically have higher degrees of polymeriza-
tion (~10,000 residues) and molecular weights (~10°-107 Da).
Chemical analyses in conjunction with 13C NMR indicate that
branching occurs on up to 30% of the residues in levan (Seymour,
Knapp, & Jeanes, 1979; Simms, Boyko, & Edwards, 1990). Elec-
tron microscopy images (Ingelman & Siegbahn, 1944; Newbrun,
Lacy, & Christie, 1971), data from light scattering and sedimenta-
tion (Bahary, Stivala, Newbrun, & Ehrlich, 1975; Stivala, Bahary,
Long, Ehrlich, & Newbrun, 1975), small-angle X-ray scattering
(Khorramian & Stivala, 1982; Stivala & Khorramian, 1982), and
viscometry (Arvidson, Rinehart, & Gadala-Maria, 2006; Kasapis,
Morris, Gross, & Rudolph, 1994) all agree that levan molecules in
aqueous solutions do not undergo gelation with increasing solution
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concentration and have a compact, globular structure (spheroidal
or ellipsoidal).

Levan’s high molecular weight and water solubility make it
attractive for various industrial applications, including cosmetics,
pharmaceutical coatings, and adhesives (Combie, 2006; Kim et al.,
2005; Kang et al., 2009) There have been only a few studies aimed
at developing levan as a bio-based plastic for packaging applica-
tions. Barone and Medynets (2007) used compression molding and
melt extrusion to prepare cohesive, pliable levan films plasticized
by glycerol. Levan films containing less than 10 wt% glycerol were
too brittle to be characterized by tensile testing. Films contain-
ing 10-35% glycerol had tensile moduli less than 0.1 GPa and glass
transition temperatures (Tg) ranging from 60°C (10 wt%) down to
0°C (30wt%). These property values are too low to permit the
use of levan/glycerol films in packaging or structural applications.
Manadhar, Vidhate, and D’Souza (2009) prepared levan fibers by
electrospinning from concentrated solutions (60 wt%), but fiber
mechanical properties were not reported. The poor mechanical
properties of pure levan films are probably related to its molec-
ular structure: despite its high molecular weight, levan’s highly
branched, compact globular structure does not permit signifi-
cant intermolecular entanglement. This leads to brittleness in neat
levan, and low tensile modulus in glycerol-plasticized levan.

Recent reviews (Chivrac et al.,, 2009; Johansson et al., 2012;
Majeed et al., 2013; Rhim & Ng, 2007; Sinha Ray & Bousmina,
2005; Sorrentino et al., 2007; Tang et al., 2012; Yu et al., 2006)
demonstrate that, in many cases, biopolymer nanocomposites
have properties superior to those of the corresponding pure
biopolymer. Examples of recent work in this vein are studies of
xylan (Unlu, Gunister, & Atici, 2009; Viota, Lopez-Viota, Saake,
Stana-Kleinschek, & Delgado, 2010) or xyloglucan (Kochumalayil
et al., 2013) reinforced with MMT. The present work explores
the possibility of improved thermal and mechanical properties for
nanocomposites of exfoliated montmorillonite (MMT) dispersed in
levan. Improved properties may extend levan’s range of applica-
tions to include barrier packaging with unique features, such as
edible packaging or accelerated biodegradability.

2. Experimental procedures
2.1. Materials

Levan powder derived from Bacillus sp. was obtained from
Montana Polysaccharides (Winnsboro, SC). The as-received levan
was dissolved in deionized water (~18 M resistivity, Barnstead
Nanopure) with prolonged stirring to produce a 10.0wt% solu-
tion. The solution was centrifuged at 2000 rpm for 100 min at 20°C
(Eppendorf model 5403, Brinkmann) and the clear supernatant
solution was retained. Samples of this solution were diluted and
used for light scattering characterization. A concentrated stock
solution of purified levan was prepared from the supernatant by
removing water using a rotary evaporator. Dry weight analysis indi-
cated that the solid content of the final levan stock solution was
27.5wt%. In order to inhibit bacterial growth, 0.5 wt% sodium azide
was added to the concentrated levan stock solution.

Sodium montmorillonite (MMT) clay (Cloisite® Na*, Southern
Clay Products) was dispersed in water using a procedure (Ploehn &
Liu, 2006) known to produce suspensions containing >95% exfo-
liated MMT platelets. As-received MMT powder was added to
deionized water to produce a 1.0 wt% suspension. The suspension
was stirred continuously at room temperature for at least 24 h,
ultrasonicated (model FS28, Fisher Scientific) for 30 min, and then
centrifuged at 4000 rpm for 60 min to remove mineral contami-
nants and unexfoliated MMT. The supernatant MMT suspension
was retained; dry weight analysis indicated a MMT concentration
of 0.7 wt%. AFM characterization of suspensions prepared in this

way (Ploehn & Liu, 2006) indicated nearly complete exfoliation of
MMT into individual platelets with an average thickness of 0.97 nm.
The MMT platelets have a log-normal distribution of aspect ratio
with a mean of 166 + 86 and a median of 147 (Ploehn & Liu, 2006).

2.2. Film preparation

MMT-levan nanocomposite films were prepared by solution
blending of the stock levan solution (27.5 wt%) and the stock MMT
suspension (0.7 wt%). Appropriate quantities of the levan solution
and MMT suspension were blended so that the final solid films
contained 0, 1.0, 5.0, or 10.0 wt% MMT. The aqueous levan-MMT
blends were stirred for 60 min, ultrasonicated for 30 min, and
then concentrated using a rotary evaporator, producing viscous
coating suspensions containing approximately 5wt% total solids
(levan+ MMT). The coating suspensions were coated onto Mylar®
sheets using the drawdown coating method to prepare levan-MMT
nanocomposite films. The wet films were dried in an air-circulated
oven at 50°C for approximately 2-4 h, determined through trial-
and-error as optimal for removing most, but not all of the moisture.
Insufficient drying produces tacky films that are difficult to peel,
while complete drying produces brittle films that tend to crack
when peeled from the Mylar®. After peeling, the films were con-
ditioned in ambient air, at room temperature (~23 °C) and 50-60%
relative humidity, to equilibrate the water content. The final film
thickness varied from 80 to 280 um, depending on the MMT
content, coating suspension viscosity, and drawdown coating pro-
cedure.

2.3. Characterization methods

2.3.1. Solution characterization

We used UV-vis spectrophotometry (UV-vis) and static and
dynamic light scattering (SLS, DLS) and to characterize levan’s
molecular structure and solution properties. Solution optical
absorbance was characterized by UV-vis measurements (Shimadzu
model UV-2101PC). Light scattering experiments employed a
Brookhaven BI-200 goniometer, BI-9000AT correlator (Brookhaven
Instruments) and Ar-ion laser (Lexel model 95; A =514.5 nm). For
DLS, samples of stock levan solution were diluted with DI water
and pH adjusted by titrating with 1.0 M NaOH or 37% HCI. Intensity
autocorrelation data were analyzed using quadratic cumulants or
CONTIN methods via the Brookhaven system software.

Prior to SLS, we measured the refractive index (n) of levan solu-
tions of varying concentrations (Abbé Mark II refractometer) to
determine the specific refractive index increment (dn/dc). For con-
centrations up to 50 mg/mL (~0.5 wt%), n varies linearly with c,
yielding dn/dc=0.1427 +0.0010 mL/g, in excellent agreement with
the value of Stivala et al. (1975). For SLS measurements, DI water
was filtered three times using 0.2 pm cellulose acetate filters. The
levan stock solution was either used unfiltered or filtered once
with a 0.45 pm cellulose acetate filter, with subsequent dilution
using filtered DI water. Scattered intensity, measured as a func-
tion of scattering angle 0 and ¢, were analyzed via Zimm and Berry
plots (Brookhaven software). We calibrated these measurements
with solutions of a polystyrene standard (2.0 x 106 Da) in toluene
(Fig. S2). The Berry plot yielded better agreement of the MW value.
Thus Berry plots were used to determine radius of gyration (Rg),
molecular weight (MW), and second virial coefficient (A;) values.

2.3.2. Solid film characterization

Solid film samples were ground using a Wiley mill, and the
powder was sieved with a #60 mesh screen. Wide-angle X-ray
diffraction (WAXD) employed a powder diffractometer (Rigaku
MiniFlex II) using Cu Ko radiation (A =1.5419 A). Scattered inten-
sity data were recorded from 3° to 40° (26) at a rate of 0.5° per min
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and a step resolution of 0.02°. Thermogravimetric analysis (TGA,
TA Instruments model SDT600) measured sample weight loss for
heating in air from 35°C to 650°C ramped at 20°C per min. Dif-
ferential scanning calorimetry (DSC, TA Instruments DSC-Q200)
characterized 10 mg samples in Tzero crimped pans. The first heat-
ing/cooling scan ramped the temperature (at a rate of 10°C/min
under N, purge per ASTM D3418) up to 200°C and then down to
0°C. The second heating scan ramped the temperature from 0°C to
240°C. The samples for both TGA and DSC were dried in vacuum
at 80°C for 24 h prior to testing. Comparing TGA results for non-
dried and dried samples shows (vide infra) that this drying method
effectively removes water from the samples.

FTIR spectra (Perkin-Elmer Spectrum 100) were collected from
film specimens in the transmission mode at a resolution of 1cm~!
and converted to absorbance by the Spectrum® software. UV-vis
absorbance spectra were also collected from film specimens (Shi-
madzu model UV-2101PC with film holder).

Mechanical properties of solid films were characterized using
dynamic mechanical analysis (DMA, TA Instruments model RSA-
II). The tensile tests included strain-controlled, small-amplitude
oscillatory tests as well as large deformation stress—strain
measurements. All tests were carried out in air under ambi-
ent conditions (23+1°C, 55+2% RH). In the oscillatory tests,
constant-temperature frequency sweeps were used (rather than
temperature sweeps) to avoid changes in water content. The fre-
quency varied from 0.01 to 100 Hz with an applied strain of 0.05%.
The test specimens were 40-50 mm long strips of uniform width
(4-5mm) and thicknesses (0.08-0.28 mm) that varied with MMT
loading and coating conditions. All tests used a crosshead sepa-
ration of 15mm. The stress-strain tests employed a strain rate
of 0.01% per second. For both kinds of tensile tests, at least five
specimens were tested.

3. Results and discussion
3.1. Levan molecular properties

Previous studies (Huber & Viney, 1997, 1998; Huber, Stayton,
Viney, & Kaplan, 1994) reported liquid crystal formation in levan
solutions containing low concentrations of nucleic acid impuri-
ties. Gel electrophoresis of 5wt% levan solution (Fig. S3) indicates
no detectable nucleic acid impurities in the as-received Baccilus
sp. levan from Montana Polysaccharides. The turbidity of levan
solutions, measured at A = 514.5 nm (Fig. S4), is independent of tem-
perature (20-70°C), increases nearly linearly with concentration
(wt%), and shows no distinct transitions indicative of liquid crystal
formation.

Levan molecules in the unfiltered solution have a mean diameter
of 168 nm (55% CV), while the mean diameter of levan in the fil-
tered solution (0.45 pm cellulose acetate filter) is 145 nm (54% CV)
(Fig. S5). The size distributions look similar; both distributions are
polydisperse with coefficients of variance (CV) of about 54%. How-
ever, we see subtle differences at the high end of the distributions.
The weighted average of the last three bars in each distribution
gives 318 nm for filtered levan, and 359 nm for unfiltered levan.
This suggests that the cellulose acetate filter retains some of the
largest, highest molecular weight levan molecules, as well as any
large aggregates.

DLS size measurements with quadratic cumulants (QC) regres-
sion of the intensity autocorrelation function are repeatable and
consistent with the DLS/CONTIN results. The mean diameters for
levan molecules in unfiltered and filtered solutions are 158 &2 nm
and 139 & 2 nm, respectively (the & values are 95% confidence inter-
vals, N=8 independent measurements). These DLS/QC values are
slightly smaller than the DLS/CONTIN values but are in reasonable
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Fig. 1. Wide-angle X-ray diffraction patterns for pure levan (labeled 0%),
MMT-levan composites (curves labeled with wt% MMT and shifted upwards for
clarity), and pure MMT. Patterns for the angular range 0°-40° in 26 are shown in Fig.
S7.

agreement. For solutions with varying pH, the mean diameter of
levan molecules (DLS/QC) shows small but statistically significant
variations (Fig. S6).

Static light scattering provides additional information on molec-
ular weight and intermolecular interactions. Fig. S7 shows typical
Berry plots for unfiltered and filtered levan solutions. For unfiltered
levan solutions, SLS gives Rg =91 +4nm, MW =(9.8 +0.9) x 10° Da,
and A;=(1.3+1.7)x 10-%cm3 mol/gZ (N=5, + values are 95%
confidence intervals). Twice the Ry value (182nm) compares
well with the hydrodynamic diameter values from DLS. The A;
value does not differ significantly from zero, indicating that the
levan molecules interact somewhat like hard spheres. The cor-
responding values for filtered levan solutions are Rg=76+1nm,
MW =(5.34+0.1) x 106 Da, and A,=(13.9+1.1) x 10~ cm? mol/g?2
(N=8). Again, twice the Rg value (152 nm) compares well with the
diameter values from DLS. Filtration apparently removes the high-
est molecular weight molecules from solution. The small, positive
A, value indicates that the remaining levan molecules have a weak
repulsive interaction. These values may have some error since the
filtration probably reduces the levan solution concentrations.

3.2. MMT-levan composite nanostructure

3.2.1. X-ray diffraction

The XRD pattern of purified, restacked “bare” MMT (Fig. S8)
shows peaks at 7.1° 26 (00 1), 14.2° 260 (002), and 28.3° 26 (004),
from which we estimate an average d-spacing 1.26 nm. Pure levan
has a distinctive peak pattern between 10° and 40° (Fig. S7), but no
peaks in the 3-10° range (Fig. 1). The XRD patterns for MMT-levan
composites (Fig. 1) do not have any peaks near 7.1° 26 that
would arise from unexfoliated MMT. The patterns for 5 and 10 wt%
MMT-levan composites clearly show a peak at 4.7° 26, represent-
ing the (00 1) peak for MMT platelets with a d-spacing of 1.88 nm.
The pattern for 10 wt% MMT-levan also shows the corresponding
(002)peak (centered at 9.4° 20) for this d-spacing. The change in d-
spacing (relative torestacked “bare” MMT), about 0.62 nm, suggests
that in the composites, the restacked MMT platelets are separated
by a layer of adsorbed, uncoiled levan molecules.

The starting stock suspension contained only exfoliated MMT
platelets. In the composite XRD patterns, (001) and (002) peaks
appear with increasing MMT loading, indicating increased order
due to platelet re-stacking or alignment. Two different mechanisms
combine to explain this observation. First, upon mixing stock MMT
and levan solutions, levan adsorption onto MMT platelets may have
resulted in bridging flocculation, leading to platelet re-stacking.
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These stacks could be present in all of the composites, butthe (00 1)
diffraction peak becomes apparent when the scattering from MMT
exceeds that from the levan and the baseline noise. However, bridg-
ing flocculation should result in aggregates with randomly oriented
platelets.

A second mechanism, the isotropic-nematic (I-N) phase transi-
tion (Onsager, 1949), may promote alignment of MMT platelets in
these composites. Reviews of I-N phase transition theory (Harnau,
2008; Vroege & Lekkerkerker, 1992), simulations (Bates, 1999;
Bates & Frenkel, 1999), and experiments (van der Beek et al., 2006;
van der Kooij, Kassapidou, & Lekkerkerker, 2000; van der Kooij
& Lekkerkerker, 1998) report that nematic (stacking) ordering of
disk-shaped particles begins at critical dimensionless concentra-
tion o = o1(D3) in the range of 3.5-4.0. Here platelet number
density is defined as
pr = Lf’ = L; (1

m(D*){L) (D>)

where ¢; is the platelet volume fraction, D and L are platelet
equivalent disk diameter and thickness, and () indicates an aver-
age value. Values of (L), (D?), and (D3) for our MMT suspension
are available from AFM measurements (Ploehn & Liu, 2006);
see Supporting Information, including L and D distributions for
MMT platelets, Fig. S9). Assuming pf = 3.8 as a plausible value
(van der Beek et al., 2006), Eq. (1) gives ¢;=0.016 (1.6 vol%) for
the onset of nematic ordering, equivalent to an MMT loading of
3.1 wt%, based on pymr =2.86 g/cm3 and pjeyan = 1.4 g/cm (Barone
& Medynets, 2007; Majeed et al., 2013; Manadhar et al., 2009). Thus
the (001)and (00 2) XRD peaks become increasingly prominent in
the patterns for 5 and 10 wt% MMT-levan composites due to the
onset of nematic ordering of the high aspect ratio MMT platelets.
Mechanical property results (vide infra) provide additional evi-
dence supporting this claim.

3.2.2. FI-IR spectroscopy

The FTIR absorbance spectrum of pure levan (Fig. 2a) agrees
well with those previously published (Barone & Medynets, 2007;
French, 1989; Grube, Bekers, Upite, & Kaminska, 2002; Kiiciilasik
et al,, 2011; Liu et al., 2010; Poli et al., 2009; van Dyk et al., 2012).
Detailed peak assignments may be found in these references. Sev-
eral characteristic bands are of interest here, including the broad
band centered at 3300cm~! (O—H stretching), a double peak at
2936cm~! and 2886cm~! (asymmetric and symmetric H—C—H
stretching), a series of distinctive peaks in the 1500-1200cm™!
range (C—H deformations), and several very strong peaks below
1200cm~! (C—O0—C and C—O—H stretching, pyranose ring defor-
mations). The peak at 1639 cm~! has some conflicting assignments,
including C=0 (Poli et al.,2009), amides (Grube et al.,2002; van Dyk
etal.,2012), and bound water (Barone & Medynets, 2007; Liu et al.,
2010). Based on previous FTIR characterization of bound water in
polysaccharides (Velazquez, Herrera-Gomez, & Martin-Polo, 2003),
the high water content in our samples (vide infra), and the absence
of detectable DNA impurities, we concur with previous studies
associating this peak with the HOH scissoring deformation from
bound water.

The FTIR spectrum for MMT (Fig. 2a) has typical strong bands at
1120-1040cm™! (v(Si—0)), 920cm~! (v(Al—O0—H)), and 796 cm!
(v(Al(Mg)—0—H)) (Vantelon, Pelletier, Michot, Barres, & Thomas,
2001). Weaker peaks at 3624cm~! and 1633 cm™! are probably
associated with Si—OH stretching and bound water (HOH scissor-
ing). MMT has relatively low absorbance in the 1400-1300cm™!
range, which will be useful below.

The FTIR spectrum for 10 wt% MMT-levan appears to be very
similar to that of pure levan. The absorbance peak magnitudes
differ for at least three reasons: the films had different thick-
nesses; the composite film contained 10 wt% MMT; and specific
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Fig.2. (a) FTIR absorbance spectra for pure levan (L), 10 wt% MMT-levan composite,
and pure MMT (shifted upwards by 0.15 absorbance units for clarity). (b) Absorbance
difference between the rescaled levan spectrum (as described in the text) and that
for 10 wt% MMT-levan composite.

MMT-levan interactions could enhance or suppress certain peaks.
Because we (unfortunately) do not have a record of the film thick-
nesses for these samples, we re-scaled the levan spectrum (Fig. S9)
in order to minimize the absorbance difference between the 10 wt%
MMT-levan and pure levan spectra over the 1400-1300cm™!
range, where MMT has minimal absorbance. Fig. 2b shows the
absorbance difference (AA), calculated as “MMT-levan minus re-
scaled, pure levan”. If the two films differed only in thickness, AA
would equal zero at all wavenumbers.

In fact, AA shows a strong positive value for wavenumbers
below 1100cm~! due to the presence of MMT in the composite
film. Another positive AA peak, centered at 1636cm™", indicates
that the composite has a higher concentration of bound water than
the pure levan film. We see small positive AA peaks at 3650 cm™!
and 2973cm!, perhaps also due to the presence of MMT in
the composite film. The most significant negative AA peak, cen-
tered at 3330cm™!, suggests that MMT-levan interactions result
in suppression of OH stretching. If MMT-levan composite only had
additional bound water, we might expect to see a positive AA peak
in the OH stretching region. Taken together, the evidence suggests
that levan has an attractive interaction with MMT via hydrogen
bonding, mediated by bound water, between levan hydroxyls and
MMT'’s surface oxygen and edge hydroxyl groups.

3.3. Optical properties

Extruded levan sheets containing high levels of glycerol plasti-
cizer (Barone & Medynets, 2007) are optically opaque. In general,
solution-cast films of pure levan appear to be optically clear; the
clarity of MMT-levan composites decreases with increasing MMT
loading. These observations are quantified by optical absorbance
data shown in Fig. 3. MMT-levan composites with less than 20 wt%
MMT have good clarity (>80% transmittance) for light at optical
wavelengths (400-800 nm).
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Fig. 3. Optical transmittance as a function of wavelength for pure levan (0%) and
MMT-levan composites (curves labeled with wt% MMT). Inset: photograph of a
5 wt% MMT-levan composite film illustrating its transparency and flexibility.

3.4. Thermal properties

3.4.1. TGA analysis

TGA provides information on the water content of samples and
the effect of MMT on levan thermal stability. Upon heating in
air, levan and MMT-levan composites undergo several stages of
thermal degradation (Fig. 4). These samples were previously dried
(80°C, 24 h, vacuum) to remove water. Up to 200°C, pure levan
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Fig. 4. TGA sample weight as a function of temperature for pure levan (0%) and
MMT-levan composites (curves labeled with wt% MMT). Samples were dried in a
vacuum oven (80°C, 24 h) prior to TGA measurement. Panels (a) and (b) focus on
lower and higher temperature ranges.

loses about 6% of its weight, perhaps due to residual moisture and
early decomposition; the weight losses of MMT-levan composites
are all less than 3%. All of the samples manifest significant weight
loss (30-35%) between 200 and 250 °C. The rate of weightloss is also
greatest over this temperature range. The TGA data show (Fig. 4a)
that addition of 1 wt% MMT to levan increases the onset temper-
ature for thermal degradation by 6-8 °C, depending on how one
defines the onset. For example, we measured 10% weight loss at
221.8°C for 1 wt% MMT-levan, a value 8.1 °C greater than that for
pure levan (213.7°C).

From 250 to 425 °C, the samples continue to lose weight (addi-
tional 25-32%), but at a lower rate than at lower temperatures.
Between 425 and 450 °C, the samples enter a final stage of decom-
position; the onset and ending temperatures of this stage increase,
and the decomposition rate decreases, with increasing MMT load-
ing (Fig. 4b). The final sample weights correlate with the initial MMT
loading.

The features of levan thermal decomposition observed here are
similar to those observed previously for unhydrolyzed Streptococ-
cus salivarius levan (Stivala, Kimura, & Reich, 1981). That work
speculated that as temperature increases, levan’s 3(2 — 1) branch
point linkages break first, followed by main chain 3(2 — 6) link-
ages, pyranose rings, and other char-forming reactions. Correlating
these decomposition mechanisms with observed TGA weight loss
stages is beyond the scope of this study. The presence of MMT clay
may reduce the rates of levan decomposition reactions. More likely,
the MMT creates a barrier that hinders the ingress of oxygen and
the escape of decomposition products. The barrier effect certainly
plays arole in retarding the final stage of decomposition, where we
observe a direct correlation between initial MMT loading and the
onset and ending temperatures of the final stage of decomposition.

“Pre-dried” samples (discussed above) lose 3-6% of their ini-
tial weight upon heating from ambient temperature to 200°C in
air. For samples stored under ambient lab conditions (23 41 °C and
55 + 2% RH), TGA weight loss measurements (Fig. S10) indicate that
levan and MMT-levan composite samples lose 12-15% of their ini-
tial weight over the same temperature range. The majority of this
weight loss is due to water absorbed by the samples from ambient
humid air. This absorbed water is crucial because it plasticizes the
levan, enabling the preparation of intact films.

3.4.2. DSC analysis

Dried samples of levan and MMT-levan films were subjected
to the DSC heat-cool-heat thermal cycle described earlier. The
first heating scans (not shown) manifested slope changes between
130°Cand 150°C that were not reproduced in the subsequent cool-
ing and heating scans. This feature could be due to evaporation of
residual bound water that was not removed in the sample drying
protocol. The first cooling scans (not shown) and second heating
scans (Fig. 5) show reproducing step transitions that we identify
as glass transitions. Pure levan has a glass transition temperature
(Tg) at 75.5°C, a value significantly less than the value (141°C)
previously reported for Baccilus sp. levan from the same source
(Manadharetal.,2009). We cannot explain this difference, but spec-
ulate that the previous measurement may have been influenced by
residual water in the samples.

The Tg values shift to higher temperatures with increasing MMT
loading (Fig. 5). For example, adding 1 wt% MMT to levan increases
Ty by nearly 33-108.3°C. The Ty of 10 wt% MMT-levan is 50°C
higher than pure levan. The breadth of the glass transition zone
broadens from about 19 °C for pure levan to 23-25°C for the com-
posites. These results provide evidence of intimate mixing and a
strong, attractive levan-MMT interaction. Below Tg in the compos-
ites, the strength of the interaction retards the levan’s long-range
molecular motions relative to those of pure levan at the same tem-
perature.
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Fig. 5. DSC heat flow as a function of temperature for pure levan and MMT-levan
composites.

The second heating scans show an apparent melting transition at
197 °C for pure levan and above 205 °C in MMT-levan composites.
However, TGA results indicated the onset of thermal decomposi-
tion at temperatures around 200 °C. Thus the designation of this
transition as melting cannot be definitive. If levan and MMT-levan
composites do have a melting transition, it certainly overlaps with
the onset of thermal decomposition. Nonetheless, the DSC results
concur with those from TGA, showing that the MMT significantly
improves the thermal stability of levan.

3.5. Composite mechanical properties

Films of levan and MMT-levan composites, equilibrated with air
at 50-60% RH, are flexible (Fig. 3) because they are plasticized by
approximately 10 wt% water (Fig. S11). However, the film samples
lose their flexibility and become brittle when dried, and they lose
strength at higher humidity levels. These qualitative observations
indicate that water plasticization plays an important role governing
the mechanical properties of levan and MMT-levan composites.
This work quantifies only the mechanical properties of levan and
MMT-levan films equilibrated with ambient laboratory air, consis-
tently maintained at 23 +£1°C and 604+ 1% RH.

Fig. 6 shows the mechanical properties of levan and MMT-levan
composites subjected to small-amplitude oscillatory tensile loads
via DMA. Table S1 (Supporting information) provides values of
these quantities at selected frequencies. With increasing frequency,
the storage and loss moduli (G’ and G”) both increase, and loss
tangent (tand) decreases. No glass transition is apparent in this
data. Smaller G’ values at low frequency characterize slower, the
more viscous, longer-range deformation of levan’s molecular net-
work; larger G’ values at high frequency characterize more elastic,
shorter-range intra- and intermolecular interactions. The tan§
values are less than unity, implying that levan and MMT-levan
composites are viscoelastic solids. At all frequencies, the values of
G, G”, and tand for pure levan and 1 wt% MMT-levan do not dif-
fer significantly. Thus adding 1 wt% MMT does not improve levan’s
mechanical properties, at least for small-amplitude tensile loading.

However, for 5 and 10 wt% loading levels, adding MMT to levan
significantly increases G'. To illustrate this more clearly, Table 1
shows the “relative” storage modulus, G = Gy\(Wt%)/Gl,...» at
four selected frequencies as a function of MMT loading. Adding
10wt% MMT to levan leads to G, values as high as 5.3, equiva-
lent to a 430% increase in G’ relative to that of levan. G} increases
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Fig. 6. Storage modulus (G'), loss modulus (G”), and loss tangent (tan §) as functions
of deformation frequency for pure levan and MMT-levan composites subjected to
small amplitude oscillatory tensile testing via DMA. Measurements performed in
air under ambient conditions (23 °C and 60% RH). The values are averages over five
specimens, and the error bars are standard deviations.

with MMT loading for all deformation frequencies, but the impact is
greatest for low frequencies (0.1 and 1.0 Hz). This observation sug-
gests that the strong MMT-levan interaction restricts or inhibits
the slower, larger-scale motions of the levan molecular network.
Faster, shorter-range molecular deformations probed at high fre-
quencies (e.g., 100 Hz) are less influenced by the presence of MMT
until the loading reaches 10 wt%. The upturn in G; seems to occur

Table 1

Relative storage modulus (G;) as a function of MMT loading (wt%) at the indicated
deformation frequencies from small amplitude oscillatory tensile testing via DMA.
Measurements performed in air under ambient conditions (23 °C and 60% RH).

Sample Frequency (Hz)

0.1 1.0 10 100
Levan 1.00 £ 0.12 1.00 £ 0.07 1.00 £ 0.09 1.00 £ 0.06
1wt% MMT-levan  1.08 £+ 0.27 1.16+0.26 1.15+023 1.08+0.14
5wt% MMT-levan  2.63 £ 034 259+0.25 2.034+0.16 1.26+ 040
10wt% MMT-levan 5.33 + 1.66 441 +129 3.07+0.69 2.02+ 0.48
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Fig. 7. Tensile stress as a function of applied strain for pure levan and MMT-levan composites (as labeled in the plots). Left column shows 0-4% strain; right column shows
0-40% strain. Measurements performed in air under ambient conditions (23 °C and 60% RH).

between 1 and 5 wt% MMT, which coincides with the concentration
range expected for the isotropic-nematic transition in the MMT
nanostructure.

Tensile stress—strain curves for levan and MMT-levan com-
posites (Fig. 7) show typical ductile behavior. Pure levan and
1wt% MMT-levan have qualitatively similar stress-strain curves
with yield points at about 2% strain and deformations-at-break
of 20-35%. However, 1wt% MMT-levan has significantly lower
Young’s modulus and yield stress than pure levan (Table 2). Adding
1wt% MMT thus has a detrimental effect on levan’s mechanical
properties under finite tensile deformations. MMT could provide
mechanical reinforcement by creating “physical crosslinks” via its
strong interaction with levan (implied by DSC results). However, if

Table 2
Tensile properties of levan and levan-MMT composites.

Sample Young’s modulus  Yield stress Yield strain (%)
(GPa) (MPa)

Levan 0.167 £+ 0.023 1.407 + 0.225 2.208 + 0.083

1 wt% MMT-levan 0.095 + 0.023 0.797 + 0.177 2.134 + 0.151

5wt% MMT-levan 0.556 + 0.214 5.573 4 2.340 2212 £ 0.126

10wt% MMT-levan  0.874 + 0.147 7.805 + 1.112 2.244 + 0.044

MMT platelets are too far apart to be bridged by levan molecules,
then the MMT may not contribute to the load-carrying physi-
cal network in the composite. Moreover, the presence of MMT
platelets certainly disrupts levan’s molecular entanglement and
network structure, possibly explaining the negative impact of MMT
on mechanical properties.

In contrast, the tensile behavior of 10 wt% MMT-levan compos-
ite differs qualitatively (Fig. 7) and quantitatively (Table 2) from
that of pure levan. The Young’s modulus of this composite is 424%
greater than that of pure levan, the yield stress is 454% greater, and
the toughness (area under curve up to 10% strain) is 485% greater.
Adding 10wt% MMT clearly has a remarkable, positive effect on
levan’s mechanical properties under finite tensile deformations. In
this case, MMT platelets are certainly close enough to be bridged
by levan molecules. Furthermore, due to the loading level and high
aspect ratio, the MMT platelets likely have considerable nematic
order, as suggested by XRD results (Fig. 1) and our earlier calcula-
tions. This suggests a physical picture in which the MMT platelets,
aligned and “glued” together by levan molecules, create a distinct
filler network structure within the levan matrix (Fig. 8). This MMT
network structure can carry a significant load and work in parallel
with levan’s molecular network to provide significant mechanical
reinforcement.
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Fig. 8. Schematic illustration of MMT platelets dispersed in levan. The lines, representing MMT platelets, have an aspect ratio of 100 (length to width). The lines occupy
0.5%, 2.5%, and 5.2% of the area of each panel (left to right), qualitatively corresponding to 1, 5, and 10 wt% MMT in levan. In three-dimensional mixtures of non-interacting,
exfoliated MMT platelets, we expect the isotropic-nematic transition to begin at 1.6 vol% (3.1 wt%) MMT.

The tensile behavior of the 5wt% MMT-levan composite lies
somewhere in between pure levan and the 10wt% composite
(Fig. 7). Some of the stress-strain curves for 5wt% MMT-levan
resemble those of pure levan, and others look like those of the
10 wt% composite. The average values of Young’s modulus and yield
stress for 5 wt% MMT-levan (Table 2) are significantly higher than
those of pure levan and 1 wt% MMT-levan, but the standard devi-
ation values are relatively large. This variability suggests that the
5wt% MMT loading may be near the threshold for the formation
of a levan-bridged MMT network. Our earlier calculation gave an
estimate of 3 wt¥% for the onset of the isotropic-nematic transition.
At 5wt% loading, the MMT-levan composite could have coexisting
regions of isotropic and nematic order, perhaps rationalizing the
scatter observed in the stress—strain curves, Young’s modulus, and
yield stress values.

4. Conclusions

This work shows, for the first time, that solution blending and
film coating can be used to prepare transparent, flexible, tough
MMT-levan composite films. Comparing FTIR spectra of levan
and MMT-levan composite provides evidence that levan inter-
acts with MMT via water-mediated hydrogen bonding involving
levan’s hydroxyl groups. MMT loading as low as 1wt% signifi-
cantly improves levan’s thermal stability and increases Tg by up
to 33 °C. This implies that the levan-MMT interaction is attractive
and strong enough to change levan’s thermal properties. Adding
1wt% MMT to levan leaves its tensile properties unchanged for
small amplitude oscillatory loading. However, 1wt% MMT has a
negative impact on levan’s tensile properties under finite strain
loading. We speculate that MMT platelets disrupt levan’s molecu-
lar entanglement, but the platelets are too far apart to be bridged
by adsorbed levan molecules (Fig. 8, left panel).

Higher MMT loadings (5 and 10wt%) result in significant
mechanical reinforcement of levan. The storage modulus (small
amplitude oscillatory loading) and Young’s modulus (finite strain
tensile loading) both increase in proportion to MMT loading, as high
as 480% relative to pure levan. The 10 wt% MMT-levan compos-
ite has optical transmittance almost as high as pure levan, which
implies that the composite does not contain a high level of MMT
aggregates that would scatter light at optical wavelengths. XRD pat-
terns for these composites show a broad diffraction peak at 9.4° (20)
that corresponds to the (00 1) reflection from MMT platelets with
d=1.88 nm. This value, 0.62 nm greater than that of the initial MMT
powder, probably represents re-stacked MMT platelets coated by
adsorbed, uncoiled levan molecules. The 9.4° peak is barely visible
in the 5wt% MMT-levan composite, possibly because only at this
loading level does the peak intensity exceed that of the background.

However, the appearance and intensity growth of the 9.4°
peak in the XRD patterns of 5 and 10 wt% MMT composites can
also be rationalized in terms of an isotropic-nematic transition
in MMT platelet orientation (Fig. 8, center and right panels). For

non-interacting disks with the same average aspect ratio as our
MMT platelets (Fig. S9), theory predicts a transition from single
phase isotropic to a two-phase mixture of isotropic and nematic
(aligned) orientations at a platelet loading of 1.6 vol%, correspond-
ing to 3.1wt% for MMT-levan mixtures. Of course, our MMT
platelets are polydisperse and interact via adsorbed levan (bridg-
ing attraction, steric repulsion, or something in between). A strong,
levan-mediated bridging interaction would certainly favor restack-
ing of platelets and nematic order.

The combination of levan-mediated platelet bridging and
nematic ordering may produce a platelet network structure respon-
sible for the remarkable level of mechanical reinforcement of the
levan matrix. More work is needed to understand the role of water
in MMT-levan interactions and to maintain ductility when the
composites are dried. Nonetheless, this work shows, for the first
time, that the thermal and mechanical properties of a microbial
polysaccharide, levan, can be greatly enhanced by solution blending
with a few weight percent of exfoliated MMT platelets.
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